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mechanisms through which TDM triggers neutrophil transendothelial migration, and which downstream signaling molecules are involved in this process, remain unknown.
Neutrophils are the first immune cells to migrate from the blood to infected sites in order to eliminate pathogens. Neutrophil migration, which is initiated by cell polarization toward chemoattractants, involves asymmetric distribution of signaling molecules and asymmetric cytoskeletal organization (6) . During the process of polarization and chemotaxis, neutrophils extend pseudopodia via F-actin polymerization towards the highest concentration of chemotactic molecules. This polymerization is regulated by both PI3K-dependent and Àindependent signaling pathways (7, 8) . Recently, we found that TDM enhances neutrophil F-actin polymerization in a Src-, Syk-and mitogenactivated protein kinase/extracellular signal-regulated kinase-dependent manner (5) . A better understanding of the mechanisms of TDM-induced neutrophil migration is necessary for the development of therapeutic strategies against M. tuberculosis infection.
Certain properties of neutrophils place constraints on research into the mechanisms of neutrophil migration. For example, neutrophils are very short-lived cells that do not divide and cannot be genetically modified; thus it is necessary to develop experimental systems that are not affected by these limitations. In this study, we used the human promyelocytic cell line HL-60 because it can be induced to differentiate into neutrophil-like cells by treatment with DMSO, which is convenient for analysis of directed cell migration (9) .
To investigate the role of TDM in neutrophil migration, we evaluated TDM-induced chemotaxis in HL-60 cells and found that TDM induces Mincle expression in dHL-60 and enhances their fMLP-induced chemotaxis in Transwell assays. Furthermore, using a 3-D microfluidic assay, we found that TDM increases the migration distance and number of cells transmigrating towards an fMLP concentration gradient. To identify the mechanism regulating fMLP-induced neutrophil migration, we examined kinetic changes in AKT phosphorylation. TDM-treated dHL-60 cells showed prolonged AKT phosphorylation following stimulation with fMLP. Thus, TDM enhances neutrophil transendothelial migration via AKT phosphorylation, which may promote granuloma formation.
MATERIALS AND METHODS
HL-60 cell culture and differentiation HL-60 cells were cultured in RPMI 1640 medium supplemented with 10% FBS, L-glutamine (2 mM), HEPES buffer (10 mM), sodium pyruvate (1 mM), non-essential amino acids (0.1 mM), penicillin (100 units/mL) and streptomycin (0.1 mg/mL). HL-60 cells were differentiated with 1.3% DMSO for 7 days to generate the neutrophilic phenotype dHL-60.
Quantitative real-time PCR
Total RNA was extracted using Trizol reagent (Invitrogen/ThermoFisher Scientific, Carlsbad, CA, USA) according to the manufacturer's protocol. cDNA was synthesized using Superscript II Reverse Transcriptase (Invitrogen/ThermoFisher Scientific) with oligo-dT as the primer. Expression of individual genes was measured by RT-PCR using a Bio-Rad CFX and quantitatively normalized to the housekeeping gene GAPDH by the change-in-cycling-threshold (DDC T ) method. The following primer sequences were used: 5 0 -CCA TGT TCG TCA TGG GTG TG-3 0 and 5 0 -GGT GCT AAG CAG TTG GTG GTG-3 0 for GAPDH; 5 0 -CTC ACA GGA GGA GCA GGA ATT C- 
Flow cytometry analysis
Surface expression of Mincle was evaluated by flow cytometry with a rabbit anti-Mincle primary antibody (clone 2D12; Abnova, Taipeh, Taiwan) and a FITCconjugated goat antibody to rabbit IgG (Sigma, St Louis, MO, USA), according to the manufacturer's protocol. Cells were analyzed on a FACS Calibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
ELISA
TNF-a, IL-6, and RANTES concentrations in culture supernatants were measured using ELISA (Biolegend, Franklin Lakes, NJ, USA).
Chemotaxis in neutrophil-like HL-60 cells
For the chemotaxis assay, migration of dHL-60 cells was evaluated using a 12-well Transwell chamber (CorningCostar, Cambridge, MA, USA). dHL-60 cells were prestimulated with 50 mg/mL TDM for 60 min or pretreated with 4 mM wortmannin (Sigma), and then added to the upper chamber and allowed to migrate for 60 min at 37°C towards the lower chamber, which contained 1 mM fMLP (Sigma) or 10 ng/mL IL-8. Cells that migrated into the lower chamber were collected, centrifuged at 1200 rpm for 5 min and quantified; the results are expressed as a ratio of the control.
Three-dimensional transendothelial migration analysis
A microfluidic assay incorporating the extracellular matrix was used to assess transendothelial migration, as described previously (10, 11) . Briefly, HL-60 cells were maintained in RPMI 1640 with 10% FCS and differentiated with 1.3% DMSO for 7 days. Differentiated cells were pre-stimulated with 50 mg/mL TDM for 1 hr and then seeded into a cell culture channel and stabilized for 30 min. Medium containing 10 nM fMLP was added to the condition channel and the chamber incubated at 37°C for the indicated times. The dynamics of neutrophil transendothelial migration were monitored in situ by phase-contrast microscopy and quantified by measuring the migration distance and number of transmigrating neutrophils passing through both the endothelial cell monolayer and the extracellular matrix.
Immunoblot analysis
For immunoblotting, dHL-60 cells were stimulated with TDM (25 mg/mL) overnight at 37°C. The cells were then pretreated with 4 mM wortmannin (Sigma) for 30 min and stimulated with 100 nM fMLP at 37°C for the indicated times. After stimulation, cell pellets were lysed with 2Â Laemmli buffer and equal amounts of protein analyzed by immunoblot. Signals developed with Amersham ECL reagents were detected with an ImageQuant LAS 4000 system (GE Healthcare, Piscataway, NJ, USA). Anti-AKT (#9272) and anti-phospho-AKT Ser473 (#9271) were obtained from Cell Signaling Technology (Danvers, MA, USA) and anti-GAPDH antibody (sc-25778) from Santa Cruz Biotechnology (Santa Cruz Biotechnology). All antibodies were diluted to 1:1000 for immunoblot analysis.
Immunofluorescence analysis
Treated dHL-60 cells were fixed with 4% paraformaldehyde for 15 min, blocked with 0.5% BSA for 30 min and then incubated with primary antibodies at 4°C overnight. After three washes in PBS, the cells were incubated for 1 hr with secondary antibody (FITC-labeled antirabbit IgG), after which they were incubated with DAPI at room temperature for 5 min and then observed with a confocal microscope (LSM 700 META; Carl Zeiss, Jena, Germany).
Statistical analysis
Statistical analysis was performed with Prism 6.0 software (GraphPad). An unpaired two-tailed t-test with a 95% confidence interval was used for calculation of P-values. P < 0.05 was defined as denoting statistical significance.
RESULTS
TDM stimulation increases Mincle expression and pro-inflammatory cytokine production in human neutrophil-like dHL-60 cells
Mincle, a receptor for TDM, is known to be expressed on myeloid cells and induced on mouse neutrophils upon stimulation with TDM (5, 12); however, whether Mincle is expressed in human neutrophil-like dHL-60 cells has thus far been unknown. Therefore, in this study, we examined expression of Mincle in human dHL-60 cells. According to qRT-PCR, TDM stimulation induced Mincle mRNA in dHL-60 cells (Fig. 1a) . In addition, flow cytometric analysis showed that TDM treatment increases surface expression of Mincle (Fig. 1b) . We next asked whether TDM stimulation induces pro-inflammatory cytokine production in dHL-60 cells. We found that TDM-treated dHL-60 cells secrete several proinflammatory cytokines and chemokines, including TNF-a, IL-6, RANTES and IL-8 ( Fig. 1c-e and S1 ). Furthermore, we investigated whether TDM affects expression of chemokine receptors, such as FPR1, CXCR1 and CXCR2 (receptor of IL-8). While TDM stimulation had no effect on FPR1 expression, it slightly reduced expression of CXCR1 and CXCR2 (Fig. S2 ). These data demonstrate that TDM stimulation increases Mincle expression at both the mRNA and protein levels and enhances production of pro-inflammatory cytokines and chemokines in dHL-60 cells.
TDM stimulation enhances fMLP-induced chemotaxis in dHL-60 cells
Neutrophils undergo polarization and migration upon stimulation with chemoattractants (6). The human neutrophil-like HL-60 cell line has been used to study neutrophil chemotaxis (9) . To investigate whether TDM-mediated neutrophil activation enhances chemotaxis, we placed dHL-60 cells treated with TDM in the upper chamber of a Transwell and observed their migration toward media containing IL-8 or fMLP in the lower chamber. As expected, IL-8 and fMLP triggered migration of dHL-60 cells (Fig. 2) . Interestingly, cells activated with TDM showed greater chemotaxis toward fMLP than did control cells. However, TDM stimulation had no effect on IL-8-induced chemotaxis. These data demonstrate that TDM activates dHL-60 cells, thus facilitating fMLP-induced migration.
TDM stimulation increases fMLP-induced transendothelial migration
Recently, researchers have developed microfluidic devices that enable quantitative measurement of transendothelial migration of neutrophils as a three-dimensional model of the inflammatory response (10). We used this system to further explore the effect of TDM on fMLP-induced transendothelial migration of dHL-60 cells (11) . We pretreated dHL-60 cells with TDM and quantified the dynamics of transendothelial migration toward fMLP in two ways: by the number of transmigrating cells and by the average distance migrated (Fig. 3a-c) . As expected, fMLP induced transendothelial migration of dHL-60 cells. Interestingly, TDMpretreated cells showed greater transmigration towards fMLP than did untreated cells with respect to both the number of cells migrating and the migration distance ( Fig. 3a-c) . These results indicate that TDM enhances fMLP-mediated transendothelial migration in neutrophil-like dHL-60 cells.
TDM leads to prolonged phosphorylation of AKT in dHL-60 cells
The PI3K/AKT signaling cascade is crucial for modulating neutrophil activation, polarization and migration (13, 14) . AKT, p38 MAPK, MK2 and Hsp27 form a stable complex in unstimulated neutrophils. Upon fMLP stimulation, Hsp27 dissociates from this complex and directly phosphorylates AKT at Ser473 (15). Phosphorylated AKT then activates downstream signaling molecules related to chemotaxis (16) . To investigate whether TDM affects AKT phosphorylation, we compared amounts of phospho-AKT over time in TDMprimed and unprimed dHL-60 cells treated with fMLP. Phosphorylation of AKT at Ser473 was highly induced 5 min after fMLP stimulation and returned to baseline within 30 min (Fig. 4A) . Interestingly, however, in TDM-primed dHL-60 cells, AKT phosphorylation was sustained for up to 120 min. PI3K inhibition by treatment with wortmannin significantly decreased fMLP-induced phosphorylation of AKT and fMLPinduced cell migration in both TDM-primed and unprimed dHL-60 cells (Fig. 4B,C) . Furthermore, confocal microscopy resulted in detection of AKT phosphorylation at Ser473 in TDM-primed dHL-60 cells 30 min after fMLP stimulation, but not in unprimed cells (Fig. 4D) . Therefore, TDM-induced dHL-60 cell activation appears to extend PI3K-dependent AKT phosphorylation, which may enhance neutrophil migration.
DISCUSSION
In the present study, we found that TDM stimulation enhances chemotaxis and transendothelial migration towards fMLP in dHL-60 cells. Moreover, TDM priming prolongs phosphorylation of AKT in fMLP-stimulated cells, suggesting that TDM induces neutrophil migration by increasing the duration of AKT signaling. The process of neutrophil extravasation involves a sequence of adherent interactions with the endothelial cells of vessel walls (17) . Adhesion receptors and signaling molecules in both neutrophils and endothelial cells regulate neutrophil transmigration towards the site of infection. TDM is known to play an important role in boosting immune responses in neutrophils (18) . However, whether TDM contributes to neutrophil transendothelial migration is unknown. In this study, we showed that TDM increases migration of dHL-60 neutrophils through an endothelial monolayer. Transendothelial migration of neutrophils is predominantly mediated by integrins, including the CD11b/CD18 integrin complex, which binds to fibrinogen (19) . Integrin activation promotes adhesion of neutrophils to the endothelium (20) . Subsequently, neutrophils undergo actin-dependent polarization and lateral migration, or crawling, along endothelial cells (21) . We have previously shown that inside-out signaling in response to TDM-induced Mincle signaling triggers CD11b/CD18 integrin activation, followed by F-actin polymerization and cellular adhesion in neutrophils (5). Therefore, CD11b/CD18 integrin activation in response to TDM-Mincle signaling seems to result in increased binding affinities for ligands expressed on endothelial cells and increased clustering of integrins on neutrophil membranes, leading to cell attachment, which then enables transendothelial migration.
Chemoattractants such as IL-8 and fMLP induce cell migration via interactions with seven transmembrane G protein-coupled receptors (22) that can activate protein kinases such as extracellular signal-regulated kinase, c-Jun N-terminal kinase and AKT (23) . Interestingly, in our study, whereas cells activated by TDM showed increased migration toward fMLP and prolonged phosphorylation of AKT, TDM activation had no impact on IL-8-induced chemotaxis. These differences may be explained by referring to consequences of different signaling pathways; fMLP and IL-8 may signal via different G proteins. fMLP can signal via G a16 , a pertussis toxin-insensitive pathway (24) . However, IL-8 responds via CXCR1 and CXCR2, which reportedly signal through G i for chemotaxis and G q for gene induction (25) (26) (27) . Furthermore, the reduced expression of CXCR1 and CXCR2 after TDM stimulation in our study may also have affected IL-8-induced migration. Further studies are needed to determine how TDM differently modulates chemoattractant-induced migration.
The development of in vitro models for studying neutrophil chemotaxis has markedly increased our understanding of the mechanisms driving cell migration. The most commonly used of these models is the Boyden (or Transwell) chamber (28) . This assay is the prevailing means of measuring cell migration towards a chemoattractant. Once the cells placed in the upper chamber have migrated through pores in the filter and into the lower chamber, they are collected and counted (28) . These assays have several limitations in their ability to model the pathophysiological conditions of inflammation. For example, they only provide a bulk end-point measurement, being unable to measure the directionality of neutrophil migration or reconstitute chemokine gradients (29) . Furthermore, the membrane pores in the filters through which the neutrophils migrate are non-physiological structures. Designing models of inflammation that more closely replicate pathophysiological conditions is required to overcome these limitations. Successful development of a 3-D microfluidic assay for investigating the chemotactic responses of neutrophils that incorporates both the endothelial cell monolayer and extracellular matrix was recently reported (10). This microfluidic assay can be used to monitor the dynamics of neutrophil migration by measuring the number of transmigrating neutrophils passing through the extracellular matrix, their velocity and the migration distance (10) . Using this 3-D microfluidic assay, we evaluated the effect of TDM on the number of transmigrating cells and the distance these cells migrated into the extracellular matrix. These experiments demonstrated that TDM-Mincle signaling increases neutrophil transendothelial migration.
Our results show that TDM stimulation leads to sustained AKT phosphorylation. F-actin polymerization is highly dependent on PI3K signaling, which generates the inositol lipid PIP3 (30) . During neutrophil polarization, PIP3 recruits AKT, a key downstream target of the PI3K-PIP3 cascade, to the cell membrane (30) . AKT induces phosphorylation of Girdin, an actin-binding protein that regulates actin organization (31) . Thus, the PI3K/AKT pathway is crucial for neutrophil chemotaxis. Our findings suggest that TDM promotes prolongation of AKT signaling, thereby leading to increased recruitment of neutrophils into the site of infection. However, how TDM sustains AKT phosphorylation remains to be addressed. One possible explanation is that TDM/ Mincle-induced inside-out CD11b activation extends the duration of AKT phosphorylation. Thus, further study using Mincle-deficient or CD11b-deficient cells is necessary.
In conclusion, we have shown that TDM induces Mincle mRNA and membrane surface expression on dHL-60 cells. TDM treatment markedly increases fMLP-induced neutrophil chemotaxis in both the Transwell system and in a 3-D transendothelial migration system. Furthermore, TDM stimulation maintains AKT phosphorylation, suggesting that TDM-induced cell activation leads to increased neutrophil migration via the PI3K/AKT pathway. Taken together, our results support a role for TDM in neutrophil transendothelial migration, namely promoting sustained AKT activation.
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article at the publisher's web-site. 
